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FIG 4 

Comparing different concentrations of Pd over a temperature range 
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FIG 6 

Concentration H2- SCR 
in exhaust gas NOx Removal Efficiency 
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NOx Removal Efficiency vs Water with Pd-based Catalyst 
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FIG 8 

Percentage of sic}; in Catalyst 
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CATALYTIC PROCESS FOR CONTROL OF 
NO,C EMISSIONS USING HYDROGEN 

STATEMENT REGARDING FEDERALLY 
SPONSORED DEVELOPMENT 

Development for this invention Was supported in part by 
Contract No. DE-FC26-05NT42644, awarded by the United 
States Department of Energy, Accordingly, the United States 
Government may have certain rights in this invention. 

FIELD OF THE INVENTION 

This invention relates to a catalytic process for reduction of 
nitrogen oxides (NOX) in combustion exhaust by selective 
catalytic reduction (SCR) using hydrogen as a reducing 
agent. The invention also relates to the ?eld of poWer genera 
tion, and more particularly to the control of NO,C emissions 
produced during combustion of a fuel containing hydrogen to 
produce poWer, and speci?cally to the catalytic treatment of 
exhaust gases from a gas turbine poWer generating station at 
a coal gasi?cation plant. HoWever, the invention may also be 
employed in NO,C abatement from other sources, such as 
emissions generated during manufacture of nitric acid, in 
internal combustion engines, etc. 

BACKGROUND OF THE INVENTION 

The reduction of CO2 emissions from fossil fuel poWer 
plants is an important effort for protection of the environment 
on the global scale. Coal based integrated gasi?cation com 
bined cycle plant (IGCC) technology enables production of 
electricity With a gas turbine utiliZing a fuel that is rich in 
hydrogen and has a very limited amount of CO2. Combustion 
of a hydro gen-containing fuel requires dilution With a gas that 
in most cases contains nitrogen. As a result, a byproduct of the 
hydrogen-containing fuel combustion is a signi?cant amount 
of NO,C that can be reduced by using selective catalytic reduc 
tion systems in addition to loW NO,C combustors in the gas 
turbine. 

Since fuel produced and used at an IGCC plant contains 
hydrogen (H2), it can also provide hydrogen for a reducing 
agent in the SCR process by introducing a small amount of H2 
from the fuel supply into the SCR. The use of hydrogen as a 
NO,C reducing agent alloWs elimination of ammonia as a 
reducing agent in the SCR system, and thus prevents dis 
charge of ammonia slip into the ambient air, Which is an 
inherent problem With current ammonia SCR technology. 

It is knoWn by those skilled in the art that H2-SCR is an 
e?icient technology in OZ-lean conditions, especially When 
amounts of Water and sulfur compounds are limited to less 
than 5 vol. % and to less than 5 ppm; respectively. Reduction 
of NO,C using H2 has the potential to generate reaction prod 
ucts that include both N2 and N20. Obviously, catalysts With 
high selectivities toWards the formation of N2 are preferred. It 
is knoWn to those skilled in the art that the selectivity of 
Pt-based H2-SCR catalysts toWard N2 formation is relatively 
loW, and undesirable byproducts such as N20 and NH3 are 
produced. 

Recently, a strong attempt to improve H2-SCR e?iciency 
With respect to NO,C removal and N2 selectivity under oxidiZ 
ing conditions Was made (US. Pat. No. 7,105,137). A devel 
oped Pt-based catalyst Was durable for 24 hours When oper 
ating in a reaction mixture that contained 5 vol. % O2, 5 vol. 
% H20, and up to 25 ppm ofSO2. M. Machida et al., Applied 
Catalysis B. Environmental 3 5 (2001) 107, demonstrated that 
a Pt-based H2-SCR can have high selectivity to N2 under 
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2 
oxidiZing conditions (10 vol. % 02) Without H20 and S02 
present in the process stream. HoWever demonstrations of the 
H2-SCR that ability to e?iciently reduce NO,C emissions Were 
done for mixtures of gases have relatively loW concentrations 
ofO2, H20, and S02 or high concentrations ofonly one ofO2, 
H2O, or SO2 Which is contrasted to a gas turbine exhaust 
mixture from combustion of H2-containing fuels at IGCC 
plants. 

Commercial processes such as SelexolTM can remove more 

than 97% of the sulfur from syngas. Still, the concentration of 
sulfur compounds in syngas can be up to 20 ppm. Taking into 
consideration dilution of syngas With nitrogen, the concen 
tration of SO2 in IGCC gas turbine exhaust can be at the level 
of 5 to 10 ppm. After CO2 sequestration and burning of 
HZ-fuel, concentrations of H20 in the exhaust can be as high 
as 20% by volume, and oxygen content can reach 6-10 vol. %. 
Under these conditions, developing a process to reduce NO,C 
emissions in the exhaust of IGCC gas turbines by using 
H2-SCR is challenging. Thus, despite the above-described 
enhancements, there is a need to develop a process to reduce 
NO,C emissions in gas turbine exhaust utiliZing an H2-SCR 
that provides high NO,C reduction ef?ciency at the level of 
90+% With high (greater than 90%) selectivity to N2. Addi 
tional process requirements include extended durability and 
stability in presence of 10-25 vol. % ofWater, 5-10 vol. % of 
O2, and 5-10 ppm of S02. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is explained in the folloWing description in 
vieW of the draWings that shoW: 

FIG. 1 is a schematic vieW of an integrated gasi?cation 
combined cycle poWer plant according to an embodiment of 
the invention. 

FIG. 2 shoWs NO,C reduction ef?ciency using a platinum 
based prior art catalyst compared With the present palladium 
based catalyst over a temperature range. 

FIG. 3 shoWs NO,C reduction ef?ciency using a platinum 
based prior art catalyst compared With the present palladium 
based catalyst versus Water content. 

FIG. 4 shoWs NO,C reduction ef?ciency of three different 
concentrations of Pd over a temperature range. 

FIG. 5 shoWs NO,C reduction ef?ciency With varying con 
centration of Pd at 1400 C. 

FIG. 6 shoWs NO,C reduction ef?ciency using various 
chemical proportions Within a temperature range of 120-1400 
C. 

FIG. 7 shoWs NO,C reduction ef?ciency over an extended 
range of Water content in the exhaust gas. 

FIG. 8 shoWs NO,C reduction ef?ciency for various percent 
ages of SiO2 in the catalyst. 

DETAILED DESCRIPTION OF THE INVENTION 

FIG. 1 illustrates an integrated gasi?cation combined cycle 
poWer plant system 18 that produces an H2-containing fuel 26 
(syngas, or HZ-rich fuel after CO2 capture) using a gasi?ca 
tion process 24 . The fuel is diluted With nitrogen 20, and 
combined With air 22 for combustion in a gas turbine 28 . 
Turbine exhaust gas 29 is directed to a heat recovery steam 
generator (HRSG) 31 , Which includes or is otherWise located 
upstream of a selective catalytic bed 32 that is positioned at a 
location suitable for a desired SCR temperature operating 
range. The exhaust passes to a selective catalytic reduction 
bed 32 Where one or more NO,C reduction catalyst layers 
promote the destruction of NO,C by a reducing agent, such as 
for example H2, producing primarily N2 and H20. A diverted 
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portion 34 of the H2-containing fuel 26 may be used as a 
reducing agent for NO,C reduction reaction in the H2-SCR bed 
32. A Water injection system 30 may be used to improve NO,C 
reduction reactions Within the H2-SCR bed 32. A controller 
35 is connected to sensors and valves 36 to sense and control 
the process. A catalyst is disclosed herein With improved 
stability in exhaust gas 29 With high contents of oxygen, 
Water, and sulfur. The catalyst in one embodiment comprises 
Pd supported on sulfated ZrOZiSiO2 oxides, and may 
include a promoter such as tungsten (W). 
A baseline comparative catalyst Was produced using 

knoWn methods as described in reference U.S. Pat. No. 7,105, 
137 (Efstathious et al.), With platinum as an active metal. A 
catalyst prepared as described in Us. Pat. No. 7,105,137 is 
not suitable foruse in heat recovery steam generators at poWer 
plants, because it is in the geometric form of a poWder, Which 
Would result in a considerably high pressure drop across the 
catalyst bed Which causes dramatic decrease in IGCC plant 
poWer output. A catalyst needs to be in a geometric form 
Which alloWs for achieving a high NO,C reduction e?iciency 
along With minimal pressure drop. Although beads, extru 
dates, etc. are suitable geometric forms for commercial appli 
cations, the monolith is the preferred form. The monolithic 
form and the use of a monolith as a catalyst carrier are Well 
knoWn to one skilled in the art. A monolith consists of a series 
of straight, non-interconnecting channels. Onto the Walls of 
the channels is impregnated a thin layer of catalyst support 
material, termed “Washcoat” by the trade. It is Within the 
pores of the Washcoat that the catalytically active metals are 
impregnated. Thus, a honeycomb monolith Was Washcoated 
With the catalyst prepared as described in Us. Pat. No. 7,105, 
137 to compare it With the catalyst described in this invention, 
Which is suitable for industrial applications in poWer plants 
using the same substrate. FIGS. 2 and 3 shoW a dramatic 
improvement achieved, by utiliZing the present catalyst pre 
pared according to the procedure described under Example 1 
beloW. 
As shoWn in FIGS. 2 and 3, the catalyst of the present 

invention displays a substantial increase in NO,C reduction 
ef?ciency over the baseline catalyst (U.S. Pat. No. 7,105,137) 
under gas turbine exhaust conditions. It Was found also that 
the baseline catalyst, as With other catalysts based on plati 
num With different supports (A1203, MgO, TiO2, CeO2, 
Y2O3, etc.), has a high selectivity to N20 Which is an unde 
sirable pollutant. The selectivity to NZO for the baseline cata 
lyst Was 15.4% While measurements of the same parameter 
for the catalyst described in this invention shoWed only traces 
of N20 in the effluent of the catalytic bed. 

In one embodiment, a catalyst comprising Zirconia, sulfur, 
palladium, and preferably also comprising silica and tung 
sten, is prepared according to the folloWing steps in combi 
nation and displayed superior performance: 
1 Zirconia-silica sulfate ((ZrO2iSiO2)SO4) Was prepared, 

then calcined at 450° C. to 850° C. for betWeen 15 minutes 
and 48 hours, With a preferred calcination time of 2 hours. 

2. A substrate Was Washcoated With the prepared (ZrOzi 
SiO2)SO4 and With promoters such as tungsten or other 
transition metals, then calcined at a temperature and dura 
tion effective to decompose the metal salts, such as for 
example 3500 C. to 650° C. for about 1 hour. 

3. The coating Was then impregnated With a Pd metal precur 
sor. 

4. The coating Was then heat-treated in a ?ue gas at a tem 
perature su?icient to decompose the palladium metal com 
plex, such as for example at least 200° C. to 550° C., or 
higher, such as for example a duration suf?cient to decom 
pose the metal complex. 
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4 
In preparation of the catalyst, a binder may be needed in 

order to adhere the (ZrO2iSiO2)SO4 to the monolithic sub 
strate. Use of binders is Well knoWn to one skilled in the art. 
Binders such as clays, aluminas, silicas, Zirconias, etc. may be 
employed. It should be noted that there are numerous meth 
ods for the preparation of sulfated Zirconia and sulfated Zir 
conia silica knoWn to one skilled in the art. These techniques 
involve the preparation of ZrO2 or ZrO2iSiO2, folloWing by 
treatment With sulfuric acid, then calcination at an elevated 
temperature. Alternatively, and more preferably, the sulfated 
ZrO2 or ZrOZiSiO2 may be prepared by blending Zirconium 
hydroxide or, in the case of ZrO2iSiO2, Zirconium hydrox 
ide and a silica source, such as for example colloidal silica, 
fumed silica or ?nely crushed silica particles. 
When it is desired to operate the catalyst of the present 

invention at loW temperatures, for example at temperatures 
less than about 200° C., it is desired that the catalyst be 
activated in ?oWing gas mixtures containing oxygen prior to 
operation at a temperature su?icient to oxidiZe any residue 
associated With the palladium metal precursor. This is 
because While calcining the catalyst in the monolithic form, 
there is no How through the channels of the monolith. As a 
result, the palladium metal precursors are decomposed, but 
the decomposition residue still remains on the surface of the 
catalyst, potentially inhibiting the activity of the resulting 
catalyst. As a result, the catalyst must be “activated” prior to 
use by heating to a temperature su?icient to oxidiZe the resi 
due, thereby removing said residue from the surface of the 
catalyst. This temperature is greater than about 200° C. 
The resulting developed catalyst is very stable Without 

deactivation over extended periods of time, and demonstrates 
a high NO,C reduction ef?ciency even in the presence of 5-10 
ppm ofSO2, an 02 content 5-10 vol. %, and Water up to 25 vol. 
%. Moreover, increasing Water content dramatically 
improves the catalyst performance, Which presents an oppor 
tunity to achieve high NO,C removal ef?ciency in gas turbine 
exhaust by simply injecting additional water (eg steam) 
upstream of the SCR bed, should insuf?cient Water be present 
in the process stream. 
The catalytic process described in this invention enables 

90% to greater than 97% NO,C reduction ef?ciency to N2 in a 
simulated gas turbine exhaust in some applications by using 
hydrogen as a reducing agent in a temperature range of 70° C. 
to 250° C., preferably betWeen 100-140° C., With a process 
stream comprising 0-20 vol. % oxygen, and 0-25 vol. % of 
Water (see FIGS. 4, 5 and Example 3 beloW). The concentra 
tion of Pd (also referred to as the palladium loading of the 
catalyst) may be in the range of 0. 1 -2.0 Wt. %, or in the range 
of0.3-1.1 Wt. %, or in the range of0.5-0.75 Wt. %. Hydrogen 
is mixed With the exhaust gas to achieve a molar ratio for 
HZ/NO,C in the exhaust gas of 10 to 100, and preferably about 
40 to 80. The H2 1N0,C ratio Will depend on several factors that 
include, but are not limited to, the concentration of NO,C in the 
process stream, the operating temperature, the exhaust space 
velocity and the desired level of NO,C reduction. 
A promoter such as tungsten W can substantially improve 

the catalyst performance. As seen in Example 4 and FIG. 6, 
the addition of a small amount of W (for example tungsten 
loading of 0.5 to 5.0 Wt. % of the catalyst) alloWs to achieve 
a high NO,C removal ef?ciency Within a Wider range of con 
centrations of Water and S02 in the gas turbine exhaust. While 
not Wishing to be bounded by any particular theory, it is 
believed that addition of promoters such as W helps to reduce 
the oxidation activity of the catalyst and, consequently, 
decreases oxidiZing of H2 to Water. As a result more hydrogen 
is available in the reaction Zone to facilitate the reduction of 
NO,C in the presence of H2 to produce N2 and Water. 
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Introducing Water into the exhaust downstream of the gas 
turbine can improve the NO,C reduction ef?ciency of the 
present catalyst, should insuf?cient Water be present in the 
exhaust and can be used as an active parameter to increase 
NO,C removal. For example, steam can be mixed With the H2 
stream and injected through an H2 distribution grid up stream 
of the H2-SCR. This setup also alloWs for additional Water to 
be added to the process stream When additional Water is 
needed to achieve the target NO,C reduction e?iciency. HoW 
ever, as seen in FIG. 7 of Example 5, there comes a point, 
above about 20% H2O vol. % for the illustrated embodiment 
When additional Water causes a decrease in the NO,C removal 
e?iciency. As shoWn in FIG. 7, a preferred range of H20 is 
about 15-23 vol. %, and more preferably about 17-21 vol. %. 
It is believed that the addition of Water into the process stream 
up to a certain level alloWs for reducing the H2 oxidation rate 
according to the LeChatelier’s principle. The further increase 
of Water concentration in the exhaust is believed to reduce 
NO,C removal e?iciency due to blockage of some of the active 
sites. 
The ratio betWeen Zirconia and silica in (ZrO2iSiO2)SO4 

is a factor that affects the behavior of this Pd-based catalyst. 
It has been found that the addition of silica to the composition 
of the catalyst improves the catalyst porosity and, as a result, 
the ef?ciency of the developed catalytic process is increased 
(FIG. 8, Example 6). This improvement in the catalyst per 
formance may be observed When the mass of SiO2 compared 
to the mass of SiO2 plus ZrO2 is in the range of 0.05-0.90 or 
betWeen 0.25-0.50. 

The temperature of the SCR bed can be maintained in the 
desirable range by choosing the appropriate location for SCR 
in the HRSG and by controlling of the amount of heat 
removed by heat exchanged surfaces Within the HRSG 31 as 
knoWn in the art. The exhaust temperature may be further 
adjusted to the optimum by temperatures and amounts of 
injected H20 and diverted hydrogen fuel. A loWer bound of an 
operational temperature range may be established above a 
deW point temperature in the exhaust stream. The deWpoint 
depends upon the concentration of H20 and other constitu 
ents (e. g. S03) of the exhaust stream and its pressure. Opera 
tion above the deW point Will avoid Water condensation in the 
SCR bed and in post SCR areas. This restricts an operation of 
the H2-SCR at the temperatures beloW 110-120° C. in some 
exhaust conditions. 

EXAMPLE 1 

This example illustrates a method of synthesis of a pre 
sulfated Pd-based catalyst supported on ZrOZiSiO2 to form 
Pd/W(ZrO2iSiO2)SO4 With approximately 0.9-1.1 Wt % Pd. 

4.5 Kg of Zirconium hydroxide Was added to a 5 gallon pail 
With 4.5 L of distilled Water and 750 g of colloidal silica 
(Ludox® AS40, Which is a 40 Wt % suspension of colloidal 
SiO2 in Water). The pH of the resulting Zirconium silica solu 
tion Was adjusted to 3.0 With sulfuric acid, and mixed over 
night, producing a Zirconium silica sulfate ((ZrOZiSiOZ) 
S04) material precursor in Water. The folloWing morning, the 
solution Was emptied into a pan and placed in an oven to dry 
at 110° C. Once dried, the Zirconium silica sulfate precursor 
Was crushed beloW 40-mesh and calcined at 650° C. for 2 hrs, 
producing a (ZrO2iSiO2)SO4 material. The atomic S/Zr 
ratio is 0.025, as determined by X-ray photoelectron spec 
troscopy @(PS) analysis of the calcined poWder. 
A Washcoat Was prepared by adding 20 g of the Zirconium 

silica sulfate material, 10 g of colloidal silica, 0.6658 g of 
ammonium metatungstate (75% W) providing about 0.5 g of 
W, and 50 mL of DI Water to a beaker. The colloidal silica is 
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6 
added to the Washcoat as a binder, Which causes the Zirconium 
silica sulfate to adhere to the monolithic substrate. Tungsten 
is added to promote the performance of the catalyst. Catalyst 
substrates in the form of monolith cores (230 cpsi) Were 
dipped in the slurry to achieve a loading of 110 grams of 
Washcoat per liter of monolith substrate. Excess slurry Was 
removed from the channels of the monolith using an air knife. 
Following Washcoating, the resulting Washcoated monolith 
Was calcined at 450° C. for 1 hour. 
A palladium metal solution Was made by adding to a bea 

ker, 9.955 g palladium chloride solution (8.94% Pt) providing 
about 0.9 g of Pd, 2.7 g TEA (triethanolamine, http://en.Wiki 
pedia.org/Wiki/Chemical_formulaC6Hl5NO3), and the solu 
tion Was diluted to 100 g With DI Water. The monolith cores 
Were dipped in this solution, With excess solution bloWn from 
the channels using an air knife, yielding a 1.04% Pd loading 
by Washcoat Weight. The cores Were dried and then calcined 
at 450° C. for 1 hour. 

EXAMPLE 2 

This example illustrates the effects of sulfate. 
A Washcoat Was prepared by adding 25 g of Zirconium 

dioxide (ZrO2) and 12.5 g of colloidal silica solution (40% 
SiO2) to 50 ml of DI Water. TWo monolith cores (230 cpsi) 
With a volume of 48 cm3 Were dipped into the resulting slurry. 
The excess slurry Was bloWn from the channels using an air 
knife. The resulting cores Were dried at 1 10° C., then calcined 
at 450° C. for 1 hour. The Washcoat loading Was 105 g Wash 
coat per liter of catalyst volume (g/l). 

Each core Was impregnated to 1% Pd loading using an 
impregnation solution prepared by combining 9.1 g of palla 
dium tetraammine chloride solution (8.94 Wt % Pd) With 2.44 
g of triethanolamine and 100 ml DI Water. Each core Was 
dipped into the solution, With the excess solution bloWn from 
the channels using an air knife. The cores Were then dried in 
a microWave oven, then calcined at 450° C. for 1 hour. The 
resulting catalyst is referred to as a 1% Pd/ZrO2 monolith. 

Zirconium sulfate, (ZrO2)SO4, Was prepared by adding 1 
kg Zirconium hydroxide to a 4 liter pail. To the pail Was added 
1 liter DI Water. The slurry Was mixed using a high shear 
mixer. The pH of the slurry Was adjusted to 3.0 using sulfuric 
acid, With the pH adjusted periodically. The slurry Was 
blended overnight, With a ?nal pH adjustment being made in 
the morning. The resulting slurry Was removed form the 
mixer and placed in a glass pan. The slurry Was dried at 110° 
C. The dried slurry Was calcined at 650° C. for 2 hours in order 
to from the (ZrO2)SO4. 
A Washcoat Was prepared by adding 20 g of the above 

prepared (ZrO2)SO4 and 10 g of colloidal silica solution (40% 
SiO2) to 50 ml of DI Water. TWo monolith cores (230 cpsi) 
With a volume of 48 cm3 Were dipped into the resulting slurry. 
The excess slurry Was bloWn from the channels using an air 
knife. The resulting cores Were dried at 1 10° C., then calcined 
at 450° C. for 1 hour. The Washcoat loading Was 1 15 g Wash 
coat per liter of catalyst volume (g/l). 

Each core Was impregnated to 1% Pd loading using an 
impregnation solution prepared as described above. The 
cores Were then dried in a microWave oven, then calcined at 
450° C. for 1 hour. The resulting catalyst is referred to as a 1% 
Pd/(ZrO2) SO4 monolith. 
The Table beloW compares the performance of the tWo 

catalysts and serves to illustrate the effects of sulfate on 
catalyst performance. Both catalysts Were evaluated for their 
ability to reduce NO,C using H2 in a process stream compris 
ing 10% O2, 5% H20, 10 ppm NO and 800 ppm H2 (H2/ 
NOI80), balance N2. The Gas Hourly Space Velocity 
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(GHSV) employed in both cases Was 10,000. The maximum 
conversion of 60.4% Was achieved at 188° C. for the 1% 
Pd/ZrO2 monolith. The maximum conversion of 80.4% Was 
achieved at 123° C. for the 1% Pd/(ZrO2)SO4 monolith. Note 
that the addition of sulfate enhances the maximum NO,C 
reduction e?iciency and reduces the operating temperature of 
the catalyst. 

NO,C Reduction 
Catalyst Temperature Ef?ciency 

1% Pd/ZrO2 Monolith 188° C. 60.4% 
1% Pd/(ZrO2)SO4 Monolith 123° C. 80.4% 

EXAMPLE 3 

A catalyst Was prepared according to the procedure 
described in Example 1, With the concentration of Pd being 
varied betWeen 0.3 and 1% (by Weight, g Pd/ g Washcoat). No 
tungsten Was added to the catalyst. the testing conditions Were 
as folloWs: 

TWo monolithic catalyst blocks Were placed in a glass 
reactor. The distance betWeen the blocks Was 10 mm. The 
simulated gas turbine exhaust Was composed of 10 vol. % O2, 
800 ppm H2, 10 ppm NO, 5 vol. % H20, and the balance N2. 
The Gas Hourly Space Velocity (GHSV) Was 10,000 hr“, and 
the catalyst Was heat treated by a programmed temperature 
controller at an increase of 2° C./min up to 250° C. in order to 
remove residue from the calcinations operation. Following 
the programmed temperature ramp, the temperature Was 
dropped to 120-140° C. in order to conduct NO,C reduction 
tests at poWer plant operating conditions. These results are 
shoWn in FIGS. 4 and 5. 

EXAMPLE 4 

The Example illustrates the performance of the developed 
catalyst under different operating conditions. The catalyst 
Was prepared according to the procedure described in 
Example 1 With the concentration of Pd 0.75% (g Pd/ g Wash 
coat). TWo blocks of the catalyst Were placed in the glass 
reactor. The distance betWeen the blocks Was 10 mm. The 
catalyst Was heat treated at 2° C./min up to 250° C. With a 
programmed temperature controller, in a composite gas 
stream of, 5 vol. % H20 and 0 ppm S02, 10 vol. % O2 and 
balance N2. FolloWing the temperature ramp, the catalyst Was 
cooled to 120-140° C. in order to conduct NO,C reduction tests 
under simulated gas turbine exhaust. The simulated gas tur 
bine exhaust Was composed of 10 vol. % O2, 800 ppm H2, 10 
ppm NO, 0.5-25 vol. % H2O, 0-10 ppm S02 and the balance 
N2. GHSV Was 10,000 hr_l. The results are shoWn in FIG. 6. 
This example demonstrates a positive in?uence of the addi 
tion of Tungsten, Which increases the acceptable range of 
Water and S02 conditions that ensure high NO,C reduction 
e?iciency. 

EXAMPLE 5 

This Example illustrates an in?uence of H20 in the exhaust 
on the performance of the developed catalyst. The catalyst 
Was prepared according to the procedure described in 
Example 1, With the concentration of Pd 0.75% (g Pd/ g Wash 
coat). TWo blocks of the catalyst Were placed in a glass reac 
tor. The distance betWeen the blocks Was 10 mm. The simu 
lated gas turbine exhaust had 10 vol. % O2, 800 ppm H2, 10 
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8 
ppm NO, 5-25 vol. % H20, 5 ppm S02, and N2 Was the 
balance. The GHSV Was 10,000 hr“. The catalyst Was 
exposed to the ?oW of the gas With the above mentioned 
composition by means of a programmed temperature treat 
ment, ?rst at 5 vol. % H20 and 0 ppm S02, While increasing 
temperature by 2° C./min up to 250° C. Then the gas tem 
perature Was reduced to 120-140° C. to conduct NO,C reduc 
tion tests under different gas compositions. The results are 
illustrated in FIG. 7, and demonstrate that the catalyst of the 
novel process described herein not only is resistant to Water in 
the process stream, but that Water has a positive in?uence on 
the catalyst performance in a range of concentrations up to 
about 25 vol. %, especially betWeen 15-23%, and preferably 
betWeen 17-21%, With a peak at about 20%. Further increase 
of Water concentrations above about 20% may cause a slight 
decrease of the catalyst performance With respect to NO,C 
emissions. 

EXAMPLE 6 

This Example illustrates an in?uence of adding SiO2 to the 
presulfated catalyst on the performance of the developed 
catalyst. The catalyst Was prepared according to the proce 
dure described beloW With the concentration of Pd 0.75% (g 
Pd/ g Washcoat). Zirconium hydroxide Was added to a beaker 
With silicon acetate solution (40% SiO2) in a ratio betWeen 
0.5 to 6 g Zirconium hydroxide per 1 g silicon acetate solution. 
DI Water Was added to the solution in a ratio of 1 g DI Water 
per 1 g Zirconium hydroxide. The pH of the Zirconium silica 
solution Was adjusted to 3.0 With sulfuric acid (Aldrich) and 
mixed overnight. The folloWing morning, the solution Was 
emptied into a pan and placed in an oven to dry at 110° C. 
Once dried, Zirconium sulfate Was crushed beloW 40-mesh 
and calcined at 650° C. for 2 hrs. 

Washcoat Was prepared by adding 20 g of said Zirconium 
silica sulfate, 10 g of a silicon acetate solution (40% SiO2), 
and 50 mL of DI Water to a beaker. The monolith cores (230 
cpsi) Were dipped in the slurry to achieve a loading of 108 g/L 
Washcoat. Catalyst cores Were calcined at 450° C. for 1 hour. 

A palladium metal solution Was made by adding to a bea 
ker, 7.6 g palladium chloride solution (8.94% Pt), 2.04 g TEA 
(Triethanolamine, Ashland), and solution Were diluted to 100 
g With DI Water. Monolith blocks Were dipped in said solution 
yielding a 0.79% Pd loading by Washcoat Weight. Blocks 
Were microWave dry and then calcined at 450° C. for 1 hour. 
TWo blocks of the catalyst Were placed in the glass reactor, 
The distance betWeen the blocks Was 10 mm. The simulated 
gas turbine exhaust had 10 vol. % O2, 800 ppm H2, 10 ppm 
NO, 5 vol. % H20, 5 ppm S02, and N2 is the balance. The 
GHSV Was 10,000 M“. The catalyst Was exposed to the ?oW 
of the gas With the above composition except Without SO2 
during a programmed temperature treatment that increased 
the temperature 2° C./min up to 250° C. Then the catalyst Was 
cooled to 120-140° C. in order to conduct NO,C reduction tests 
under different gas compositions. FIG. 8 shoWs that optimum 
results are achieved When the ratio of SiO2 to ZrO2 in the 
(ZrOZiSiOQSO4 support material is approximately 50 Wt 
%. 

Herein the term “coating” is used to describe either a sur 
face layer or a surface portion of an SCR bed containing a 
catalytic material. Catalytic materials may diffuse partly into 
or throughout the substrate, thus blurring the interface 
betWeen the coating and the substrate. HoWever, “coating” is 
nevertheless a useful term because it indicates a region of 
catalytic material at the surface of a catalyst bed in Which 
certain percentages by Weight apply. 



US 7,718,153 B2 

While various embodiments of the present invention have 
been shown and described herein, it Will be obvious that such 
embodiments are provided by Way of example only. Numer 
ous variations, changes and substitutions may be made With 
out departing from the invention herein. Accordingly, it is 
intended that the invention be limited only by the spirit and 
scope of the appended claims. 
The invention claimed is: 
1. A process for selective catalytic reduction of nitrogen 

oxides (NOx) in a gas stream using H2, comprising contact 
ing the gas stream With a catalyst comprising (ZrO2)SO4 and 
palladium, 

Wherein the catalyst further comprises tungsten. 
2. A process according to claim 1, Wherein a tungsten 

loading of the catalyst is betWeen 0.5 and 5 Wt. %. 
3. A process according to claim 1 Wherein the catalyst 

further comprises SiO2. 
4. A process according to claim 3 Wherein a mass ratio of 

SiO2 to (ZrO2+SiO2) in the catalyst is betWeen 0.05 and 
0.90. 

5. A process according to claim 3 Wherein a mass ratio of 
SiO2 to (ZrO2+SiO2) in the catalyst is betWeen 0.25 and 
0.50. 

6. A process according to claim 1 Wherein the palladium 
loading of the catalyst is betWeen 0.01 and 2.0 Wt %. 

7. A process according to claim 1 Wherein the atomic S/Zr 
ratio of the catalyst is betWeen 0.01 and 0.15. 

8. A process according to claim 1, Wherein a catalyst bed 
comprising the catalyst is installed in a How path of an exhaust 
gas stream of a gas turbine, Wherein the exhaust gas stream 
comprises NOx, H20, 02, and S02. 

9. A process according to claim 8 Wherein H20 and hydro 
gen are injected into the exhaust gas betWeen the gas turbine 
and the catalytic bed, to a concentration of about 5-25 vol. % 
H20 and a molar ratio for H2/N Ox in the range of 10 to 100 
in the exhaust gas. 

10. A process of claim 8 Wherein the process comprises 
passing the exhaust gas over the catalytic bed at a temperature 
betWeen 70-250o C. 

11 . A process according to claim 8, Wherein the exhaust gas 
is passed over the catalytic bed at a temperature maintained in 
a range of 110-1400 C. 

12. A process according to claim 8, Wherein the catalyst 
bed is installed in the How path of exhaust gas of the gas 
turbine in an integrated gasi?cation combined cycle (IGCC) 
poWer generation plant that synthesiZes a hydrogen-contain 
ing fuel for the gas turbine, and further comprising: 

diverting a portion of the hydrogen-containing fuel to sup 
ply the H2 as a NOx reducing agent; 

injecting Water and the diverted portion of the hydrogen 
containing fuel into the exhaust gas betWeen the gas 
turbine and the catalytic bed to a concentration of about 
15-25 vol. % H20 and a molar ratio for H2/NOx in the 
range of 10-100 in the exhaust gas; and 

passing the exhaust gas over the catalytic bed at a tempera 
ture betWeen 70-250o C. 

13. A process according to claim 12, Wherein the H20 is 
injected to a concentration of about 17-21 vol. %. 

14. A system for implementing a process for selective 
catalytic reduction of nitro gen oxides (NOx) in an exhaust gas 
from a gas turbine in an integrated gasi?cation combined 
cycle poWer plant, comprising: 
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10 
a fuel gas synthesiZer that produces a fuel gas containing at 

least 10 vol. % H2 and at least 10 vol. % nitrogen; 
a gas turbine that burns a portion of the fuel gas, producing 

the exhaust gas; 
a catalytic bed installed in a How path of the exhaust gas, 

the catalytic bed comprising a catalyst comprising 
(ZrO2)SO4 and palladium; 

a hydrogen injector that mixes a diverted portion of the fuel 
gas into the exhaust gas betWeen the gas turbine and the 
catalytic bed; 

an H2O injector that mixes H2O into the exhaust gas 
betWeen the gas turbine and the catalytic bed; and 

sensors and valves at control points in the system con 
nected to a controller that maintains operational condi 
tions in the exhaust gas at the catalytic bed, Wherein the 
operational conditions comprise a temperature betWeen 
70-250o C., a molar ratio for H2/NOx in the range of 
10-100, and H20 at a concentration of about 15-23 vol. 
%. 

15. A system for implementing a process according to 
claim 14, Wherein the catalyst further comprises SiO2, and a 
mass ratio of SiO2 to (ZrO2+SiO2) in the catalyst is betWeen 
0.25 and 0.50. 

16. A system for implementing a process according to 
claim 15, Wherein the catalyst further comprises a tungsten 
loading of betWeen 0.5 and 5 Wt. %. 

17. A system for implementing a process according to 
claim 16, Wherein a palladium loading of the catalyst is 
betWeen 0.01 and 2.0 Wt. %. 

18. A process for selective catalytic reduction of nitrogen 
oxides (NOx) in a gas stream using a hydrogen reducing 
agent, comprising: 

preparing a catalyst on a catalyst bed, Wherein the catalyst 
comprises Pd/W(ZrO2-SiO2)SO4, Wherein a ratio of 
SiO2 to (ZrO2+SiO2) in the catalyst is 25 to 50 Wt %, a 
proportion of Pd in the catalyst is 0.3 to 1.1 Wt %, an 
atomic S/Zr ratio of the catalyst is 0.01 to 0.15, and a 
tungsten loading of the catalyst is 0.5 to 5 Wt %; 

positioning the catalyst bed in an exhaust stream of a gas 
turbine; 

injecting the hydrogen reducing agent into the exhaust 
stream upstream of the catalyst bed to a molar ratio for 
H2/N Ox in the exhaust stream in the range of 20-100; 

injecting H2O into the exhaust stream upstream of the 
catalyst bed to maintain an H2O concentration in the 
exhaust stream of about 15-23 vol. %; and 

passing the exhaust stream over the catalyst bed at an 
operating temperature range of 70-2500 C. 

19. The process of claim 18, Wherein the gas turbine is 
installed in an integrated gasi?cation combined cycle plant 
(IGCC), and further comprising: 

producing a hydrogen-containing fuel in a gasi?er of the 
IGCC for the gas turbine; 

diverting a portion of the hydrogen-containing fuel as the 
hydrogen reducing agent; and 

cooling the exhaust stream to the operating temperature 
range of the catalyst bed by means of a heat recovery 
steam generator in the IGCC, Wherein a loWer bound of 
the operating temperature range is established above a 
deWpoint in the exhaust stream. 

* * * * * 


